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Abstract. The hypothesis is tested that methionine-en-

kephalin. a hormone produced in and released from eyestalk

of crustaceans, produces hyperglycemia indirectly by stim-

ulating the release of hyperglycemic hormone from the

eyestalks. Injection of methionine-enkephalin leads to hy-

perglycemia and hyperglucosemia in the estuarine crab

Scylla serrata in a dose-dependent manner. Decreases in

total carbohydrate (TCHO) and glycogen levels of hepato-

pancreas and muscle with an increase in phosphorylase

activity were also observed in intact crabs after methionine-

enkephalin injection. Eyestalk ablation depressed hemo-

lymph glucose (19<7r) and TCHO levels (22%), with an

elevation of levels of TCHOand glycogen of hepatopan-

creas and muscle. Tissue phosphorylase activity decreased

significantly during bilateral eyestalk ablation. Administra-

tion of methionine-enkephalin into eyestalkless crabs

caused no significant alterations in these parameters when

compared to eyestalk ablated crabs. These results support

the hypothesis that methionine-enkephalin produces hyper-

glycemia in crustaceans by triggering release of hypergly-

cemic hormone from the eyestalks.

Introduction

In decapod crustaceans, hemolymph sugar level is regu-

lated by hyperglycemic hormone. Abramowitz et al. ( 1944)

were the first to demonstrate that injection of eyestalk

extract induced hyperglycemia in Callinectes. Since then,

hyperglycemia as a response to injection of eyestalk extract
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has been observed in almost all groups of crustaceans (see

review by Keller, 1992). This neurohormone is stored in and

released from the sinus gland. The chemical nature, mode,

and site of action of hyperglycemic hormone has been

extensively studied in a number of crustaceans (see reviews

by Keller et al., 1985; Sedlmeier, 1985). The amino acid

sequence of hyperglycemic hormones has been determined

from a large number of crustaceans (see La Combe et al.,

1999, for review). The gene for hyperglycemic hormone

was also cloned from crabs (Kegel et al., 1989), lobster

(Tensen et al., 1991), prawn (Ohira et al., 1997). isopod

(Martin et al., 1993). and crayfish (Kegel et al., 1991;

Huberman et al., 1993; Yasuda et al., 1994). Recently, we

reported the expression of hyperglycemic hormone gene at

different molt stages in Homarus americanus, the American

lobster (Reddy et al.. 1997).

Since the discovery of opioid peptides in decapod crus-

taceans by Mancillas et al. (1981). several workers have

attempted to determine the physiological function of these

peptides, but the results are fragmentary. Sarojini et al.

(1995. 1996. 1997) provided evidence that methionine-

enkephalin slowed ovarian maturation in the fiddler crab

Uca pugilator and the crayfish Procanibarus clarkii, and

suggested that methionine-enkephalin produces this effect

indirectly by stimulating the release of gonad-inhibiting

hormone from eyestalks. In Uca pugilator, methionine-

enkephalin appears to stimulate release of the concentrating

hormones for black and red pigment cells (Quackenbush

and Fingerman. 1984) and the dark-adapting hormone for

distal retinal pigment cells (Kulkarni and Fingerman. 1987).

We reported a neurotransmitter role for methionine-en-

kephalin in regulating the hemolymph sugar level of the

freshwater crab O-ioielphusa senex senex, and hypothesized

that methionine-enkephalin produces hyperglycemia indi-
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rectly by stimulating release of hyperglycemic hormone

(Reddy, 1999).

The objectives of the present study were threefold: (a) by

extending our studies to the estuarine crab Scylla serrata, to

test our hypothesis, generated by the study of Oziotelphusa

senex senex, that methionine-enkephalin produces hyper-

glycemia in decapod crustaceans; (b) to determine the

changes in levels of tissue carbohydrates and phosphorylase

activity during methionine-enkephalin treatment; and (c) to

provide evidence that supports the triggering of release of

hyperglycemic hormone during methionine-enkephalin

treatment.

Materials and Methods

Individuals of Scylla serrata (15 2 cm in carapace

width; 110 5 g wet weight) were collected from the

Chennai coast, India. They were kept in large aquaria with

continuous aeration and acclimatized to laboratory condi-

tions for one week under constant salinity (25 1 ppt), pH
(7.2 0.1 ), and temperature (23 2C). During this period

the crabs were fed fish flesh. Feeding was stopped 24 h

before the beginning of the experiments, and no food was

given during experimentation. Only intermolt (Stage C4 ),

intact, male crabs were used in the present study.

Methionine-enkephalin (Sigma Chemical Co.) was dis-

solved in physiological saline (Pantin, 1934). In these ex-

periments, each of the 10 groups of crabs used consisted of

10 individuals. The first group served as normal and re-

ceived no treatment. A second group served as control, with

each crab in this group receiving an injection of 10 /il of

physiological saline (Pantin, 1934) through the base of the

coxa of the 3rd pair of the walking legs. In groups 3-5

respectively, each crab received an injection of 10~
7

, 10~
s

,

and 10~
y

mole methionine-enkephalin in 10 jal volume.

Both eyestalks were ablated from all the crabs in groups

6-10. The eyestalks were extirpated by cutting them off at

the base, without prior ligation but with cautery of the

wound after operation. Twenty-four hours after eyestalk

ablation, these groups were used for experimentation. Crabs

in group 6 served simply as eyestalkless animals, and crabs

in group 7 received 10 ju,l crustacean Ringer solution and

served as eyestalkless controls. In groups 8-10 respectively,

each crab was injected with 10~
7

, 10~
x

, and 10~
9 mole

methionine-enkephalin in 10 /xl volume. Based on prelim-

inary kinetic studies, the crabs were sacrificed for analysis

2 h after injection (Figs. 1. 2).

Hemolymph (500 jul) was aspirated by syringe,

through the arthrodial membrane of the coxa of the 4th

pair of walking legs. The other tissues (hepatopancreas

and muscle from chela propodus) were then quickly

dissected out. weighed, and analyzed by the procedures

outlined below.

Hemolvmph total carbohydrate level. Hemolymph total

carbohydrate (TCHO) levels were estimated in trichloroace-

tic acid supernatant (10% TCA w/v) according to the

method of Carroll et al. ( 1956).

Hemolymph glucose level. For measurement of glucose,

100
/u,l

of hemolymph was mixed with 300
ju.1

of 95%
ethanol. After deproteinization (4 C, 14,000 X

g, 10 min),

the sample was combined with a mixture of glucose enzyme

reagent (glucose-6-phosphate dehydrogenase and NADP)
and color reagents (phenazine methosulfate and iodo-

nitrotetrazolium chloride) (kit from Sigma). After 30 min,

the intensity of the color was measured at 490 nm and

quantified with standards.

Tissue TCHOand glycogen levels. TCHOlevels in the

tissues (hepatopancreas and muscle) were estimated in the

10% TCA supernatant (5% w/v), and glycogen was esti-

mated in the ethanolic precipitate of TCA supernatant, ac-

cording to the method of Carroll et al. ( 1956).

To 0.5 ml of clear supernatant was added 5.0 ml of

anthrone reagent, and the combination was boiled for 10

min in a water bath. The samples were then immediately

cooled. A standard sample containing a known quantity of

glucose solution was always tested along with the experi-

mental samples. Absorbance was measured at 620 nm

against a reagent blank.

Tissue phosphorylase activity. Phosphorylase activity

was assayed in hepatopancreas and muscle by colorimetric

determination of inorganic phosphate released from glu-

cose- 1 -phosphate by the method of Cori et al. (1955). First,

0.4 ml of the enzyme was incubated with 2.0 mg of glyco-

gen for 20 min at 35 C, then the reaction was initiated by

the addition of 0.2 ml of 0.016 M glucose- 1 -phosphate

(G-l-P) to one tube (phosphorylase a) and a mixture of 0.2

ml of G-l-P and 0.004 M adenosine-5-monophosphate

(phosphorylase ah) to another tube.

The reaction was incubated for 15 min for determining

total phosphorylase and for 30 min for active phosphor-

ylase. The reaction was terminated by the addition of 5.0

ml of 5 N sulfuric acid. Released inorganic phosphate

was estimated by the method of Taussky and Shorr

(1953).

Protein determination. Total protein levels in the enzyme
source were estimated following the method of Lowry et al.

(1951) using bovine serum albumin as standard.
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Table 1

Effect of eyestalk ablation fESX) (24-h post-ablation) and injection of methionine-enkephalin into intact and ablated crabs on hemolymph total sugar
aiui glucose levels in Scylla serrata
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Time after injection (h)

Figure 2. Time course of methionine-enkephalin-induced hyperglyce-

mia. After injection of methionine-enkephalin (10~
7

moL/crab). hemo-

lymph was withdrawn from intact crabs at the time points indicated for

glucose determination. Each point represents a mean SD (n = 10).

Numbers in parentheses represent percent change from zero time controls.

*
Significant difference from zero time control at P < 0.001. **

Signif-

icant difference from zero time control at P < 0.001.
NS

Not significant

from zero time control.

kephalin, indicating conversion of inactive to active phos-

phorylase.

Effects of bilateral e\estalk ablation and injection

of methionine-enkephalin into ablated crabs

on carbohydrate metabolism

Bilateral eyestalk removal caused a significant decrease

in hemolymph carbohydrate level (Table 1 ). Enhancement

of TCHO level of hepatopancreas and muscle was also

significant in eyestalk-ablated crabs (Tables 2, 3). The in-

crease was greater in muscle. Glycogen level in hepatopan-

creas increased significantly in eyestalkless crabs. A similar

pattern was observed in muscle. Tissue phosphorylase ac-

tivity levels decreased significantly in eyestalk-ablated

crabs (Tables 4, 5).

Injection of methionine-enkephalin into eyestalkless

crabs did not significantly change hemolymph carbohydrate

levels compared to Ringer-injected eyestalkless crabs (Ta-

ble 1 ). The levels of tissue TCHOand glycogen and activity

levels of total and active phosphorylase were also not sig-

nificantly altered in eyestalkless crabs after methionine-

enkephalin injection (Tables 2-5).

after the injection of methionine-enkephalin (Tables 4. 5).

The ratio of active to total phosphorylase also increased in

the tissues of crabs after the injection of methionine-en-

Discussion

The effect of eyestalk hormones on tissue carbohydrate

levels and phosphorylase activity has been extensively stud-

Table 2

Effect of eyestalk ablation (ESX) (24-h post-ablation) and injection of methionine-enkephalin into intact ami ablated crabs on hepatopancreas total

carbohydrate (TCHOl and glycogen levels in Scylla serrata

Intact

(Group 1)

ESX

(Group 2)

No treatment Ringer injection 10
7

mol/crab 10~
s

mol/crab 10
9

mol/crab Dunnet's comparison test

TCHO(mg/g)

13.66 1.54 13.84 1.6T' 8.47 0.97
b

9.01 1.51
h

9.47 1.49
b

^,4.45,
= 38.033

(1.32) (-38.80) (-34.89) (-31.57) P < 0.001

17.87 1.94
h

18.01 \.91
h -'

17.44 1.43
hx

17.X1 1.62
bx

17.93 1.59
b ' c FI44S ,

= 0.229

(30.96) (0.67) (-0.74) (-0.96) (-1.39)

Two-way ANOVA: F, ,, (Between groups)
= 566.317. P < 0.001; F4 , m (Among treatments) = 19.027. P < 0.001;

F49(1 (Interaction) = 14.896. P < 0.001.

Glycogen (mg/g)

Intact
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Table 3

Effect of eyestalk ablation <ESX) (24 h post-ablation) and injection of methionine-enkephalin into intact and ablated crabs on muscle total

nnhi<h\ilratf iTCHO) ami glycogen levels in Scylla serrata
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Table 4

Effect of evestalk ablation I ESX) (24 h post-ablation) and injection of methionine-enkephalin into intact and ablated crabs on hepatopancreas

phosphorylase activity levels in Scylla serrata

No treatment Ringer injection 10~
7

mol/crab 10~
8

mol/crab 10
"

mol/crab Dunnet's comparison test

Phosphorylase a

3.63 0.34
h

3.60 0.42" F, 4 45 ,

= 28.430

(35.95) (34.83) P < 0.001

1.81 0.22
b - c 1.84 0.31

b ' c

F, 445 ,

= 1.473

(8.38) (10.17)

Two-way ANOVA: F, w ,
(Between groups)

= 716.848. P < 0.001; F4 91 , (Among treatments) = 23.852, P < 0.001;

F4 , (Interaction) = 18.208, P < 0.001.

Intact
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Table 5

Effect of evesta/k ablation I ESX) (24 h post-ablation) and injection of methinine-enkephalin into intact and ablated crabs on muscle phosphor/lose

activin levels in Scylla serrala

No treatment Ringer injection 10~
7

mol/crab 10
~ s

mol/crab 10~" mol/crab Dunnet's comparison test

Phosphorylase a
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